The magnetization measurements of Ce x La 1−x Ru 2 Al 10 (x = 1, 0.75) under the high magnetic field were performed in order to obtain the information for the long-range order (LRO) in CeRu 2 Al 10 . We successfully obtained the magnetic phase diagram of these two compounds for the applied magnetic field along the aaxis which is the magnetization easy axis, and found that the LRO for x = 1 disappears at ∼ 50 T which is the critical field to the paramagnetic phase. For x = 0.75, the critical magnetic field decreases to ∼ 37 T by La substitution. The magnetic phase diagram and magnetization curve are qualitatively consistent with the recent Hanzawa's mean field calculation results obtained by assuming the dimer of Ce ions whose crystalline electric field ground state has a large magnetic anisotropy. These results support the singlet pair formation scenario recently proposed by Tanida et al.. We also pointed out the possibility of the appearance of the field-induced magnetic phase between ∼ 40 T and ∼ 50 T for x = 1. KEYWORDS: CeRu 2 Al 10 , spin gap, singlet ground state, Kondo semiconductor, pulsed high magnetic field Recently, new ternary compounds CeT 2 Al 10 (T = Fe, Ru, Os), with orthorhombic YbFe 2 Al 10 -type structure, have attracted much attention because of the unusual physical properties. [1] [2] [3] [4] [5] [6] [7] [8] In particular, CeRu 2 Al 10 is of great interest due to the novel phase transition at T 0 = 27 K. CeRu 2 Al 10 exhibits the following characteristic features. [6] [7] [8] The specific heat, C shows a clear peak accompanied with the λ-type anomaly. The magnetic entropy obtained from the specific heat measurements is ∼0.65 Rln 2 and Rln 2 at T 0 and ∼ 100 K, respectively. This suggests that the crystalline electric field (CEF) ground state is doublet. The electrical resistivity, ρ monotonically increases with decreasing temperature and a steep increase just below T 0 , and rapidly decreases after showing a peak. The magnetic susceptibility, χ shows a large anisotropy. The magnetization easy axis is along the a-axis. In the case of the magnetic field (H) parallel to the a-axis, the Curie-like behavior can be clearly observed. Although it is important to know the CEF level scheme and the CEF ground state wave function, it is not known at present. Below T 0 , χ shows a decrease along all the crystal axis. The results of C, ρ and χ are well described by the thermally activated form below T 0 . This indicates the opening of a spin gap and/or a charge gap on the Fermi surface below T 0 . The magnitude of gap is estimated to be ∆ ∼ 100 K.
Recently, new ternary compounds CeT 2 Al 10 (T = Fe, Ru, Os), with orthorhombic YbFe 2 Al 10 -type structure, have attracted much attention because of the unusual physical properties. [1] [2] [3] [4] [5] [6] [7] [8] In particular, CeRu 2 Al 10 is of great interest due to the novel phase transition at T 0 = 27 K. CeRu 2 Al 10 exhibits the following characteristic features. [6] [7] [8] The specific heat, C shows a clear peak accompanied with the λ-type anomaly. The magnetic entropy obtained from the specific heat measurements is ∼0.65 Rln 2 and Rln 2 at T 0 and ∼ 100 K, respectively. This suggests that the crystalline electric field (CEF) ground state is doublet. The electrical resistivity, ρ monotonically increases with decreasing temperature and a steep increase just below T 0 , and rapidly decreases after showing a peak. The magnetic susceptibility, χ shows a large anisotropy. The magnetization easy axis is along the a-axis. In the case of the magnetic field (H) parallel to the a-axis, the Curie-like behavior can be clearly observed. Although it is important to know the CEF level scheme and the CEF ground state wave function, it is not known at present. Below T 0 , χ shows a decrease along all the crystal axis. The results of C, ρ and χ are well described by the thermally activated form below T 0 . This indicates the opening of a spin gap and/or a charge gap on the Fermi surface below T 0 . The magnitude of gap is estimated to be ∆ ∼ 100 K.
At present, there are several candidates for the origin of a long-range order (LRO) below T 0 . At first, the possibility of the antiferro (AF) magnetic ordering was reported. 4) However, the AF magnetic order in CeRu 2 Al 10 was ruled out by the NQR measurement. 7) As another candidate of the LRO, the charge density wave (CDW) transition is suggested by the fact that some experimental results indicate the existence of gap. 6) Matsumura et al. proposed the nonmagnetic structural transition from the nonexistence of the AF mgnetic order by the NQR results. 7) On the other hand, Tanida et al. proposed that the phase transition originates from the singlet * E-mail address: kondo@issp.u-tokyo.ac.jp pair formation between Ce ions. 8) In La substituted system Ce x La 1−x Ru 2 Al 10 , T 0 continuously decreases and the peak of C becomes small and broad with decreasing x. T 0 can be recognized at x ∼ 0.45. Furthermore, T 0 slightly decreases with increasing H up to 15 T. The thermal expansion experiments indicate that the crystal volume decreases below T 0 . These results strongly suggest that the LRO has magnetic nature and the singlet ground state is constructed below T 0 . Thus, CeRu 2 Al 10 may be the first example showing the LRO with a singlet ground state among the rare-earth compounds. However, even if this is the case, several problems remain in this scenario, such as the origin of a large magnitude of the magnetic susceptibility below T 0 and the existence or the nonexistence of the low dimensionality in this orthorhombic structure. Therefore, the nature and mechanism of the LRO in CeRu 2 Al 10 have not yet been clarified. Being different from the singlet ground state in 3d compounds with S = 1/2 where an ideal Heisenberg model is applicable, the orbital degrees of freedom should play some role in a singlet ground state in the rare-earth compounds. From the intensive studies on CeRu 2 Al 10 , new physics on the singlet ground state not seen in 3d compounds will be produced.
If the LRO with a singlet ground state is realized below T 0 , the existence of the critical field to a paramagnetic region is expected. It is important to know the magnitude of the critical field from which the information on the magnitude of a spin gap is obtained. It is also interesting to know the critical fields along three crystal axes in this compound with a large magnetic anisotropy which induced the information on the role of the orbital degrees of freedom in a spin gap in rare-earth compounds. The magnetic phase diagram obtained from the thermal expansion 8) suggests that the critical field from the LRO phase to the paramagnetic phase is expected to tens of tesla. In addition, the magnetization process shows no anomaly for the applied magnetic field along the a-axis up to 5 T. 7) Therefore, it is necessary to apply the higher magnetic field up to tens of tesla in order to clarify the magnetic properties of the LRO. In the present paper, we performed the magnetization measurements of Ce x La 1−x Ru 2 Al 10 (x = 1, 0.75) under the high magnetic field in order to obtain the information for the LRO in CeRu 2 Al 10 .
The single crystals of Ce x La 1−x Ru 2 Al 10 (x = 1, 0.75) used in the present study were prepared by the Al self-flux method. Pulsed magnetic fields up to 55 T were generated with a duration time of 36 ms, using non-destructive magnets. Magnetization was measured by the induction method using a standard pick-up coil in magnetic fields along the a-axis which is the magnetization easy axis. The absolute value was calibrated by comparing the data with the magnetization below 7 T measured using MPMS (Quantum Design). Figure 1 shows the H dependence of the magnetization (M) of CeRu 2 Al 10 for H a-axis. The inset shows the magnetization curve and derivative dM/dH at 1.3 K . At 1.3 K, M shows the H-linear increase with a small slope of M up to ∼ 30 T. This is probably due to the Van Vleck contribution from the excited state, which will be discussed later. With further increase of H, M shows a kink at ∼ 40 T and a downward bending at ∼ 50 T. Hereafter, the anomalies at ∼ 40 T and ∼ 50 T are called as H Fig. 2 (a) . Above H p c , M monotonically increases as the magnetic field increases. The value of M at 55 T for 1.3 K is ∼1.3µ B /Ce, which is almost the same as that for x = 1, as shown in Fig. 2 (b) . The important results obtained by the present study are that the LRO in CeRu 2 Al 10 has the magnetic nature and the magnetic phase diagram for H a is obtained. At present, the most probable candidate for the LRO is the singlet pair formation between Ce ions proposed by Tanida et al. 8) Here, from this standpoint, we discuss the field induced phase at high magnetic fields. In the most simple case of the singlet ground state formed by the two magnetic ions with S = 1/2, the metamagnetic transition should be observed at the critical field where level crossing occurs between the singlet ground state and one of the excited triplet. In this case the Zeeman energy loss of the singlet state becomes larger with increasing magnetic field up to the critical field. In a real system, in order to release such a large Zeeman energy loss, the intermediate magnetic phase appears at higher magnetic fields below the critical field to the paramagnetic phase. In the spin-Peierls system, it is well known that the magnetic phase, called M phase, exists in the intermediate magnetic fields. For example, in a typical spinPeierls compound CuGeO 3 , the critical magnetic field to M phase and to the paramagnetic phase is 12 T and 253 T, respectively. 11, 12) These phase diagrams are obviously different from that of CeRu 2 Al 10 . Thus, CeRu 2 Al 10 is not categorized as a conventional spin-Peierls system observed in 3d-electron system. On the other hand, Tachiki et al. investigated theoretically the system where the inter-pair interaction between two spin singlet pairs was taken into account in addition to the intra-pair interaction, and showed that the spin-ordered phase appears in the vicinity of the point of level crossing.
9) The M-H curve obtained from the calculation shows a kink at the critical magnetic field from the singlet ground state to spinordered phase, which is similar to that of CeRu 2 Al 10 at ∼ 40 T. It is, however, quite difficult to apply their model immediately to CeRu 2 Al 10 because the orbital degrees of freedom are not considered in their model. It is desirable to perform the calculation involving the orbital degrees of freedom in the future.
Quite recently, Hanzawa investigated theoretically the singlet ground state formed by the dimer of the two Ce ions with a large magnetic anisotropy in the CEF doublet ground state. 13) He assumed that two Ce ions construct a singlet ground state via RKKY interaction, and performed the mean field calculation. In this model, the main part of the CEF ground state is | ± 3/2 and the component of | ± 5/2 is contained slightly. The weight of | ± 5/2 and | ± 3/2 of the CEF ground state wave function is a : √ 1 − a 2 , respectively. Here, a is a real number. This assumption is consistent with the present experimental results of M-H curve. He could reproduce the existence of the large Van Vleck term below T 0 together with its large anisotropy. The M-H curve was also calculated. In the case of a 0, the calculated M-H curve shows a linear increase due to the Van Vleck contribution from excited state, and shows a metamagnetic transition to the paramagnetic phase. When a 2 = 2/10, the critical field at T = 0 is 54.2 T. This critical field is consistent with the experimental result where H p c is ∼ 50 T. In addition, the slope of the M-H curve below ∼ 30 T is almost similar to that of the present experimental data. These similarities between the calculated and experimental results imply that the singlet ground state formed by the dimer of Ce ions is realized in CeRu 2 Al 10 below T 0 . However, there exists a difference between the calculated results and experimental one at high magnetic fields. While the calculated M-H curve shows a metamagnetic transition at critical field to the paramagnetic phase, the experiments show two anomalies at H In summary, we performed the magnetization measurements of Ce x La 1−x Ru 2 Al 10 (x = 1, 0.75) under the high magnetic field. We found that the LRO for x = 1 disappears at ∼ 50 T for H a-axis. For x = 0.75, the critical magnetic field to the paramagnetic phase decreases to ∼ 37 T by La 25% substitution. The H-T diagram and M-H curve are qualitatively consistent with those of the mean field calculation results by
